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Citreoviridin is a toxic secondary metabolite produced by Penicillium citreoviride species and contains ␣-pyrone, a sixmembered cyclic unsaturated ester that binds to the ATP synthase ␤ subunit and causes toxicity to bacteria (1, 2) .
Citreoviridin is the pathogenic factor for several diseases, including acute cardiac beriberi (3) and Keshan disease (4) . Many studies have elucidated the underlying mechanism of citreoviridin cytotoxicity in different cell types. Citreoviridin interferes with the metabolism of nerve and muscle tissues, competing with the absorption of vitamin B1, thus causing beriberi (5) . In addition, citreoviridin initiates Keshan disease through oxidative stress mechanism (4) . Citreoviridin elevates the activation of nuclear factor-B (NF-B) to enhance tumor necrosis factor (TNF)-␣-induced endothelial adhesion in human umbilical vein endothelial cells (6) and atherogenesis in hypercholesterolemic ApoE-deficient mice (7) . In hepatic cells, citreoviridin induces autophagic cell death through reactive oxygen species (ROS) (8) and lysosomal-mitochondrial axis (9) .
In previous studies, we reported that citreoviridin could specifically kill cancer cells but not normal cells because of ectopically expressed ATP synthase (ecto-ATP synthase) on plasma membrane of cancer cells (10, 11) . In general, ATP synthase is located in the inner membrane of the mitochondria. However, recent studies have revealed that ATP synthase is also expressed on the cell surface of keratinocyte, hepatocyte, and adipocytes, as well as endothelial, neuronal, and cancer cells (10 -19) . After citreoviridin treatment on cells with ectopically expressed ATP synthase, there was no change in the mitochondrial membrane potential, suggesting that citreoviridin inhibited the activity of ectopic, but not mitochondrial ATP synthase (10) . Furthermore, the inhibition of ecto-ATP synthase by citreoviridin stimulates the unfoldedprotein response and elevates levels of ROS in lung cancer cells (10) . Quantitative proteomic analysis of human lung tumor xenografts showed that citreoviridin induces alternations in the expression of glucose metabolism-related enzymes and suggested that citreoviridin may reduce the glycolytic intermediates for macromolecule synthesis and inhibit cell proliferation (20) . Furthermore, combined treatment of citreoviridin and bortezomib, a 26S proteasome inhibitor on breast cancer cells triggered lethality through unusual nonapoptotic caspase-and autophagy-independent cell death with a cytoplasmic vacuolization phenotype (11) . However, the prompt and dynamic molecular responses triggered by citreoviridin and their underlying mechanisms in cancer cells remain unknown.
Protein phosphorylation is one of most widespread modes of post-transcriptional modification in cell signaling (21, 22) . Many protein kinases such as mitogen-activated protein kinases (MAPKs) 1 and serine/threonine protein kinase (Akt) are major enzymes that drive tumor growth by signal transduction, leading to transcriptional changes of oncogenes (23, 24) . Therefore, characterization of protein phosphorylation status following stimuli-induced signaling changes may provide important insight into the regulation of physiological events in cells. Recent advances in quantitative phosphoproteomic profiling not only allows researchers to study the aberrant regulation of signaling pathways but also assists in the discovery of appropriate therapeutic targets for various diseases (23, (25) (26) (27) .
In the present study, we combined MS-based phosphoproteomics with functional analysis and mathematical modeling to comprehensively elucidate the global phosphorylation changes of citreoviridin treatment in lung cancer cells. Our findings uncover dynamic molecular responses underlying citreoviridin treatment in cancer cell growth and reveal new insight for cancer therapy.
EXPERIMENTAL PROCEDURES
Cell Culture-Human lung adenocarcinoma cells CL1-0 and A549 were grown as previously described (10) . Briefly, cells were cultured in Dulbecco's modified Eagle's medium (Gibco, New York, NY) containing 10% fetal bovine serum (Gibco) at 37°C and 5% carbon dioxide.
Drug Treatment of Cultured Cells-Citreoviridin (Santa Cruz Biotechnology, Santa Cruz, CA) solution was solubilized in DMSO (AppliChem, Darmstadt, Germany). CL1-0 and A549 cells were treated with citreoviridin (4.6 M for CL1-0 and 1.5 M for A549) or with the same volume of DMSO, as previously described (10) . Time points for treatment were 10 s; 1, 5, and 10 min; and 1, 2, 12, 24, 36, and 48 h. Two biological replicates for each time point experiment were performed. After treatments, cells were washed with phosphate-buffered saline and then centrifuged at 1200 ϫ g. The collected cells were stored at Ϫ80°C until use.
Sample Preparation for Cell Phosphoproteome-Proteins were extracted with 12 mM sodium deoxycholate (Sigma-Aldrich, St Louis, MO), 12 mM sodium lauroyl sarcosine, 50 mM triethylammonium bicarbonate (Sigma-Aldrich), protease mixture (Sigma-Aldrich), and phosphatase inhibitor mixture (Sigma-Aldrich), as described previously (28) . Protein concentration was determined by using the bicinchoninic acid Protein Assay Reagent kit (Pierce, Rockford, IL). Cell lysates were reduced with 10 mM dithiothreitol (BioShop, Burlington, Canada) at room temperature for 30 min, and carbidomethylated with 55 mM iodoacetamide (Sigma-Aldrich) in the dark at room temperature for 30 min. Alkylated proteins were digested with Lys-C (1:100 w/w; WAKO, Osaka, Japan) for 2 h and then digested with sequencing-grade modified trypsin (1:100 w/w; Promega, Mannheim, Germany) overnight. For detergent removal, the peptide mixture was combined with an equal volume of ethyl acetate (Sigma-Aldrich) and then acidified with trifluoroacetic acid (Sigma-Aldrich) to a pH of Ͻ3. The acidified sample was shaken for 1 min and then centrifuged at 15,700 ϫ g for 2 min to separate the aqueous and organic phases. The collected aqueous sample without detergents was desalted by using SDB-XC StageTips (3 M, Neuss, Germany) (29) .
Dimethyl Labeling of Peptides-Tryptic peptide samples (150 g) were dried under vacuum and then redissolved in 0.1 M TEAB solution. The control and drug-treated peptide samples were first mixed with 6 l of 4% formaldehyde-H 2 (Sigma-Aldrich) and 4% formaldehyde-D 2 (Sigma-Aldrich), respectively, and then immediately 6 l of freshly prepared 0.6 M sodium cyanoborohydride (Sigma-Aldrich) was added to each mixture. Each mixture was vigorously mixed and then reaction was allowed to proceed for 60 min at room temperature (30) . Ammonium hydroxide (1%, 24 l) was added to stop the reaction by reacting with the excess formaldehyde. Formic acid (10%, 30 l) was further added with functions of ending the labeling reaction and acidifying the samples. Finally, the H-and D-labeled samples were combined at 1:1 ratio and then desalted by using SDB-XC StageTips.
Phosphopeptide Enrichment-The phosphopeptide was enriched by hydroxy acid-modified metal oxide chromatography (HAMMOC), as previously described (31, 32) . Briefly, custom-made MOC tips were prepared by packing 0.5 mg of TiO 2 beads (GL Sciences, Tokyo, Japan) into 10 l C8 StageTips (29) . Prior to sample loading, MOC tips were equilibrated with solution A (0.1% TFA, 80% acetonitrile, and 300 mg/ml lactic acid). About 200 g of desalted peptide mixture was mixed with an equal volume of solution A. The resulting mixture was loaded onto the MOC tips (100 g mixed peptides per tip) and then washed with solution A and with solution B (0.1% TFA and 80% acetonitrile). Phosphopeptides were eluted with 0.5 and 5% solutions of piperidine (Sigma-Aldrich). The eluate was acidified with TFA, desalted with SDB-XC StageTips, and then vacuum-dried. The phosphopeptides were then re-suspended in 0.5% TFA and analyzed by nanoLC-MS/MS. For each time point and xenograft group, two independent batches of biological samples were prepared.
NanoLC-MS/MS Analysis-Samples for cell phosphoproteomes were analyzed on an LTQ-Orbitrap XL (Thermo Scientific, Berman, Germany) equipped with a nanoACQUITY UPLC system (Waters Corp., Milford, MA). Peptide samples were loaded onto a 2 cm ϫ 180 m capillary trap column and then separated in a 75 m ϫ 25 cm nanoACQUITY 1.7 m BEH C18 column at a flow rate of 300 nL/min. Mobile phase A consisted of 0.1% formic acid, and B consisted of 0.1% formic acid and 80% acetonitrile. A linear gradient of 10 -40% B in 90 min and 40 -85% B in 10 min was employed throughout this study. Mass spectra from survey full scans were acquired on the Orbitrap (m/z 350 -1500). The resolution of the instrument was set to 60000 at m/z 400 with an automated gain control (AGC) value of 10 6 . The top ten most-intense precursor ions were selected from the MS 1 The abbreviations used are: MAPK, mitogen-activated protein kinase; ATP, adenosine triphosphate; ecto-ATP synthase ectopic ATP, synthase; HSP90AB1, heat shock protein 90 ␤; Akt, serine/ threonine protein kinase; DMSO, dimethyl sulfoxide; HAMMOC, hydroxy acid-modified metal oxide chromatography; Ser, serine; Thr, threonine; Tyr, tyrosine; CK2, casein kinase 2; CSNK2A1, casein kinase 2 alpha; CSNK2A2, casein kinase 2 alpha isoform; CDK, cyclin-dependent kinase; HSPH1, heat shock protein 105 kDa; EP300, histone acetyltransferase p300; LMNB1, lamin-B1; LEMD3, inner nuclear membrane protein Man1; TMPO, lamina-associated polypeptide 2; NPM1, nucleoplasmin; HDAC1, histone deacetylase 1; USP2, ubiquitin carboxyl-terminal hydrolase 2; LEO1, RNA polymerase-associated; DSCAM, Down syndrome cell adhesion molecule; ST13, hsc70-interacting protein; ERK, extracellular signal-regulated kinase; Raf-1, RAF proto-oncogene serine/threonine-protein kinase; MEK, dual specificity mitogen-activated protein kinase; 2DE, twodimensional gel electrophoresis; TEAB, triethylammonium bicarbonate; PWM, position weight matrix; AGC, automatic gain control; PCR, polymerase chain reaction. scan for subsequent collision-induced dissociation MS/MS scan by ion trap (AGC target at 7000). For each biological sample, duplicate nanoLC-MS/MS analyses were performed.
Data Analysis for Cell Phosphoproteome-Raw MS spectra were processed for peak detection and quantitation by using MaxQuant software version 1.3.0.5 (33) . Peptide identification was performed by using the Andromeda search engine (34) and the Swiss-Prot database (release 87, subset human, 20265 protein entries). Search criteria used in this study were trypsin specificity, fixed modification of carbamidomethyl, variable modifications of oxidation and phosphorylation, and allowed for up to two missed cleavages. A minimum of six amino acids in the peptide length was required. The precursor mass tolerance was 3 ppm and the fragment ion tolerance was 0.5 Da. By using a decoy database strategy (35) , peptide identification was accepted based on the posterior error probability with a false discovery rate of 1%. Precursor intensities of already identified peptides were further searched and recalculated by using the "match between runs" option in MaxQuant. For multiple phosphopeptides, the localization probability of all putative phosphosites was determined by using the MaxQuant PTM score algorithm, which was calculated based on the peptide spectral match and the potential phosphosites in each peptide (33, 36) . The spectra of peptides with more than three phosphosites were manually checked and provided in supplemental Fig. S1 . For single peptide with multiple hits, all matched proteins were counted separately. The ratio of phosphosite was normalized by MaxQuant. Phosphosites that displayed a minimum of threefold change in abundance for at least three time points in the temporal phosphoproteomic study were considered as regulated phosphosites.
Phosphoproteomic Analysis of Xenograft Tissues-The tumorigenicity assays in athymic mice was successfully performed to examine the effect of citreoviridin on tumor growth. Mice were first subcutaneously injected with lung cancer cell CL1-0 and intraperitoneally administered with control vehicle DMSO or ATP synthase inhibitor citreoviridin. The analyses results and detailed information were described in our previous study (20) . Xenograft tissues excised and collected from this xenograft model were snap-frozen in liquid nitrogen and stored at Ϫ80°C for phosphoproteomic analyses. The protein extract of each sample was denatured in 8 M urea solution (Bioshop). Proteins were then reduced, carbidomethylated, and then diluted five times with 50 mM TEAB for trypsin digestion. Tryptic peptides were then processed by dimethyl labeling and phosphopeptide enrichment, and then analyzed by LC-MS/MS. Peptide identification and quantification were performed by using Mascot version 2.3 (Matrix Science, London, UK) and Mass Navigator version 1.3 (Mitsui Knowledge Industry, Tokyo, Japan). Details of the experimental procedure can be found in the supplemental Methods.
Phosphorylation Motif Analysis-Phosphopeptide sequences at any one time point were submitted to Motif-X algorithm (37) for identification of over-represented motifs. Only phosphopeptides with the phosphosite localization probability Ͼ 0.75 were selected for analysis. Sequences were centered on each phosphosite and extended to 15 amino acids (Ϯ7 residues). Where the phosphosite was close to the N-or C-terminal of the protein, the sequence was filled with the required number of "X", which denotes any amino acid. The Human International Protein Index database in Motif-X was used as a background. The significance threshold was set at p Ͻ 10
Ϫ6
, and the occurrence threshold of input data was set at 20.
In order to associate motifs with specific kinases, over-represented motifs were matched to known kinase motifs. The position weight matrix (PWM) for each over-represented motif was generated based on motif-matching sequences from the results of Motif-X. PWM was constructed by counting the occurrence of each amino acid at each position and then normalizing at each position by the number of sequences. PWMs for 300 kinase recognition motifs, including 247 Ser/Thr and 53 Tyr kinases, were obtained from the PhosphoNetworks database (38) . We calculated the similarity between PWMs of over-represented and kinase recognition motifs by determining the Pearson's correlation coefficient and generated a similarity matrix. Because the phosphosites are noninformative, we excluded the central S/T/Y residue (column 8 in PWM) from similarity measurements to focus on flanking sequences. The similarity matrix was analyzed by hierarchical clustering to group similar motifs into motif clusters. Hierarchical clustering using average linkage with correlation distance was performed by constructing a generalized association plot (GAP) (39).
Fisher's exact test was performed to assess whether phosphosites with regulation changes of a given time point are significantly enriched at a specific motif cluster. This test is commonly used to assess the relative between two variables, i.e. phosphorylation motif and phosphorylation intensity, and formulized as follows:
where N is the total number of phosphosites for which expressions may be quantified at a given time point, and n is the number of phosphosites that are significantly regulated ( log 2 (fold-change) Ն 1) at a given time point. K represents the number of phosphosites containing the motif of a given motif cluster, and k stands for the number of overlapping phosphosites.
Fuzzy c-Means Clustering-To examine relative temporal phosphorylation patterns, soft clustering was applied to phosphosites and the fuzzy c-means algorithm implemented in the "Mfuzz" package (40) for R was used. For clustering analysis, we used 898 phosphosites with Ͻ 2 missing values in the temporal expression profile of 10 s to 2 h. In the first step, temporal phosphorylation data for the changing phosphosites were transformed by base 2 logarithm. Second, missing values without quantitative data were imputed by k-nearest neighbors method (where k is 10) implemented in the "impute" package. Third, because clustering is performed in Euclidian space, change values of phosphosites were standardized to have a mean value of zero and a standard deviation of one. This step ensures that vectors of genes with similar changes in phosphorylation are close in Euclidean space. Finally, the fuzzy c-means algorithm was performed. The clustering parameter m, which affects the "softness" of the cluster, was estimated through the Mfuzz internal function "mestimate" in the fuzzy c-means algorithm. The appropriate cluster number c was determined by manual observation of the real data.
Mathematical Modeling and Network Construction-We aimed to identify the mechanism of modulatory relationships of the selected phosphoproteins involving protein folding related proteins and kinases significantly regulated within short response time and to construct a phosphoprotein modulatory network. For each selected phosphoprotein, its log2 expression ratio was first determined. Because the selected phosphoproteins with multiple phosphosites were primarily quantified from the same phosphopeptides (supplemental Table S12 ), we used the expression ratios from the corresponding dominant phosphopeptides to model the dynamic change of theses phosphoproteins, ignoring their rare phosphorylated variants. The temporal expression of the selected phosphoprotein i was described with the following discrete dynamic model: [ t] , and x j [ t] could be obtained from the quantitative phosphoproteomics data, whereas a ij , i , and k i were the parameters to be identified. Among those model parameters, the modulatory abilities a ij 's were of special importance. The modulatory abilities implied the modulatory relationships between phosphoprotein j and phosphoprotein i with a positive value indicating activation effect and a negative value indicating inhibitory effect, respectively.
After mathematical models for the selected phosphoproteins were built, parameters in the models were then identified through the maximum likelihood estimation method (41, 42) with the aid of phosphoprotein expression data (details can be found in the Supplemental Methods). When parameters for all the selected phosphoproteins were identified, the significant modulatory relationships which constitute the phosphoprotein network were determined based on the estimated modulatory abilities (a ij 's). Akaike information criterion (41, 43 ) and Student's t test were employed for model order selection and to determine the significance of the modulatory relationships (see Supplemental Methods). In this manner, significant modulations of phosphorylation between proteins of protein folding and kinases were identified and the phosphoprotein network was constructed.
Western Blot Analysis-Cell lysates were separated according to molecular weight through polyacrylamide gel electrophoresis by using Bio-Rad Mini-PROTEAN 3 Electrophoresis Cell and then transferred onto polyvinyl difluoride membranes (Millipore, Bedford, MA, USA). After it was blocked with 5% nonfat milk or 1% bovine serum albumin, the membrane was probed with primary antibodies against the proteins of interest, and the primary antibodies were linked to second antibodies conjugated to horseradish peroxidase. Protein bands were visualized by using an enhanced chemiluminescence detection kit (Pierce Biotechnology Inc., Rockford, IL). Antibodies, including rabbit anti-HSP90AB1, rabbit anti-MAPK1, rabbit antiRaf-1, rabbit anti-MEK1/2, rabbit anti-P-HSP90AB1 (pSer255), rabbit anti-P-MAPK1/3 (pThr185/202ϩpTyr187/204), rabbit anti-P-Raf-1 (pSer338), and rabbit anti-P-MEK1/2 (pSer217/221), were purchased from Gene-Tex (San Antonio, TX). Mouse anti-actin was obtained from Sigma.
RNA Extraction and Complementary DNA (cDNA) Synthesis-Total RNA was isolated from CL1-0 cells by using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Quality and quantity of RNA were determined on a NanoDrop ND-1000 ultraviolet spectrophotometer (NanoDrop Technologies, Wilmington, DE). First-strand cDNA synthesis was prepared by using Oligo (dT) and the RevertAid H minus First Strand cDNA synthesis kit (Thermo Scientific).
Cloning and Site-directed Mutagenesis of HSP90 -The HSP90AB1 gene was amplified from synthesized cDNA by using the primer pair 5Ј-AATTCCTCCGGCGCAGTGTTG-3Ј and 5Ј-CTCGAGG-TATAAAAACGGCATA-3Ј. The amplified 2.2 kb DNA fragment was digested with restriction enzymes ApaI and SalI (New England Biolabs, Beverly, MA). Digested fragment was purified and then cloned into pCMV-tag2 vector (Agilent Technologies, Santa Clara, CA) to generate pCMV-HSP90AB1 plasmid. Plasmid DNA was prepared and sequenced at the DNA Sequencing Facility (Genomics BioSci & Tech, Taipei, Taiwan). The resulting plasmid (pCMV-HSP90AB1) encodes HSP90, which is 724 amino acids in length. The resultant plasmid was transformed into Escherichia coli (E. coli) strain DH5-alpha. Colonies carrying plasmids were selected by antibiotics kanamycin. For sitedirected mutagenesis, primers containing the desired mutation of HSP90AB1 flanked by an unmodified nucleotide sequence were as follows: S255A (5-CAAGATCGAAGATGTGGGTGCCGATGAGGAG-GATGACAGC-3Ј) and S255E (5-CAAGATCGAAGATGTGGGTGAG-GATGAGGAGGATGACAGC-3Ј). Synthesis of the mutant strand was performed by PCR using the pCMV-HSP90AB1 plasmid as a template in the presence of Phusion DNA polymerase (Thermo Scientific). Suitable cycling parameters were selected according to the QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). At the end of the PCR, 1 l of restriction enzyme DpnI (New England Biolabs) was added directly to each amplified product, and then the reaction mixture was incubated at 37°C for 3 h. Finally, 1 l of DpnI-treated DNA from each amplification reaction was transformed into E. coli strain DH5-alpha. The plasmid DNA (pCMV-HSP90-S255A, pCMV-HSP90-S255A) was prepared and then sequenced at the DNA Sequencing Facility (Genomics BioSci & Tech, Taipei, Taiwan).
Cell
Cell Viability Assay-To detect cell viability, cells were transfected with the indicated constructs for 24 h at 37°C, and 5000 cells were incubated in 96-microwell plates for 48 h at 37°C. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide reagent (10 l) was added to each 100 l of culture. After incubation for 4 h at 37°C, water-insoluble formazan dye formed in intact cells was solubilized by addition of 200 l of DMSO to the culture wells. The plate was further incubated for 15 min at room temperature, and the optical density of the wells at a test wavelength of 570 nM was determined by using an enzyme-linked immunosorbent assay microplate reader.
Data Availability-The MSMS proteomics data and output tables of MaxQuant analysis have been deposited in the ProteomeXChange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (44); the dataset identifiers are PXD000696 (cell phosphoproteomic data) and PXD000701 (xenograft phosphoproteomic data).
RESULTS

Quantitative Analysis of Dynamic Phosphorylation Profiles of Lung Cancer Cells with Citreoviridin
Treatment-To characterize the temporal phosphorylation dynamics in response to citreoviridin treatment in lung cancer cells, a quantitative phosphoproteomic approach was applied in this study. We previously detected ecto-ATP synthase and electron transport chain on the cell surface of the lung cancer cell line CL1-0 and found that citreoviridin, an ATP synthase inhibitor, could effectively inhibit the growth of CL1-0 cells (10) . Most importantly, citreoviridin-mediated inhibition showed no obvious impact on the normal function of mitochondrial ATP synthase, suggesting citreoviridin mainly inhibits the activity of ectopic, but not mitochondrial ATP synthase in cancer cells (10) . Accordingly, CL1-0 cells in this study were exposed to citreoviridin (treatment group) or to dimethyl sulfoxide (DMSO, control group) for periods spanning 10 s to 48 h (Fig. 1) . To profile the phosphorylation changes of citreoviridin treatment on a global scale, proteins extracted from different samples were digested and then processed by dimethyl labeling. Phosphopeptides were enriched using hydroxy acid-modified metal oxide chromatography (HAMMOC) (31, 32) . Analyses of enriched samples were performed by nanoscale liquid chromatography-tandem MS (nanoLC-MS/MS) using two biological replicates. In the time-dependent phosphoproteome data, 2195 phosphopeptides corresponding to 707 phosphoproteins were identified and 2467 phosphorylation sites (phosphosites) were quantified using MaxQuant (33) (Fig. 2A , supplemental Table S1 , and S2). Most peptides were singly or doubly phosphorylated (Fig. 2B) . The phosphosites were divided into three categories based on the localization probability (P): class I (p Ͼ 0.75), class II (0.75 Ն p Ͼ 0.5), and class III (p Ͻ 0.5) (45, 46) . Among the 2467 phosphosites, 2038 (82.6%) phosphosites were assigned with a probability of at least 0.75 (class I; supplemental Table S2 and Supplemental  Table S3 ). Class I phosphosites revealed a distribution of 82% phosphoserine (pSer), 13% phosphothreonine (pThr), and 5% phosphotyrosine residues (pTyr) (Fig. 2C) .
Phosphoproteomic profiling of xenograft tissues with citreoviridin treatment-In parallel with the temporal phosphoproteome, we also performed a quantitative phosphoproteomics study of xenograft tissues. Tissue samples were obtained from a CL1-0 xenograft model, which was used to confirm the inhibitory effect of citreoviridin on tumor growth in vivo (20) . Immunodeficient mice carrying subcutaneous CL1-0 tumors were abdominally injected with citreoviridin or DMSO and then sacrificed when control tumors reached a size of 1000 mm 3 . Proteins from the dissected tissues were digested and processed for phosphopeptide enrichment. Phosphopeptides were analyzed by LC-MS/MS using two biological replicates. We acquired 862 unique phosphopeptides corresponding to 679 quantified phosphosites on 423 phosphoproteins (Fig. 2D , supplemental Table S4 and S5). The identified peptides were predominantly monophosphorylated (Fig.  2E) . Among all phosphosites, 497 (73.2%) were classified as confident assignments (class I; supplemental Table S3 and  Table S5 ). The phosphosites are predominantly pSer (92%) relative to pThr (7%) and pTyr (1%) (Fig. 2F) . Comparison between cell and xenograft profiles showed an overlap of 301 phosphoproteins (supplemental Fig. S2 ). By combining xenograft data with time-dependent cell phosphoproteome analysis, a total of 829 phosphoproteins were identified (supplemental Fig. S2 ).
Global Profiles of Cell and Xenograft Phosphorylation Changes Reveal Specific Functions Associated with Citreoviridin Treatment-
In our studies utilizing citreoviridin in cultured cell and xenograft systems, we quantified a total of 829 phosphorylated proteins. To identify significantly regulated phosphoproteins in the temporal phosphoproteome, we considered phosphosites that displayed a minimum of threefold change in abundance ( log 2 (fold -change) Ն 1.58) for at least Table S6 ). Using the same cutoff of threefold change in the xenograft data set, we identified 18 positively and 22 negatively regulated phosphosites on 14 and 18 proteins, respectively (supplemental Fig. S3A and supplemental Table S7 ). To assess the role of citreoviridin inhibition in lung cancer, functional processes relevant to the regulated phosphoproteins of cells and xenografts were generated by using MetaCore Analytical Suite (47) (supplemental Fig. S3B ). Although only seven common proteins were significantly regulated in phosphorylation level, we observed considerable overlap of enriched functions between cell and xenograft in response to citreoviridin treatment. For example, proteins involved in protein folding, immune responses, and regulation of telomere length, and cytoskeleton proteins were overrepresented in both data sets. As previously reported, these biological processes are associated with cancer progression and are influenced by the regulation of signaling pathways such as MAPKs and Akt cascades (48 -51) . The results thus emphasize the importance of protein phosphorylation on cell physiology in response to citreoviridin treatment.
Motif Analyses From Global Phosphoproteomic Data Revealed Possible Kinase Families Affected by Citreoviridin-To
investigate possible kinases involved in citreoviridin treatment, we performed a motif analysis to determine kinasesubstrate relations. All identified phosphosites with seven flanking residues were submitted to the Motif-X software tool (37) . Forty-one motifs containing 33 serine (Ser) and 8 threonine (Thr) phosphosites were overrepresented (p Ͻ 10 Ϫ6 ). To associate the enriched motifs with specific kinases, we examined similarities between enriched motifs and kinase recognition motifs. We obtained 300 kinase recognition motifs from the PhosphoNetworks database (38) . All Tyr motifs were ignored because none of them were enriched in our dataset, and the remaining 247 human kinases were used for further analysis. A similarity matrix between 41 over-represented motifs and 247 human kinases was generated and hierarchical clustering was performed (Fig. 3A and supplemental Table  S8 ). On the basis of motif-kinase analysis, 41 motifs were grouped into 20 motif clusters matched to specific kinases ( Fig. 3B and supplemental Table S8 ). Furthermore, we used the Fisher's exact test to assess if the phosphosites regulated at a given time point were significantly enriched within a specific motif cluster. As shown in Fig. 3C , phosphosites regulated at 10 s and enriched on clusters 13 and 16 were mostly associated with the members of casein kinase 2 (CK2) family, including casein kinase 2 ␣ (CSNK2A1) and casein kinase 2 ␣ isoform (CSNK2A2) (supplemental Table S8 ), whereas the late-response phosphosites enriched on cluster 3 were recognized by cyclin-dependent kinase (CDK) and MAPK families (supplemental Table S8 ). These analyses revealed that responsive signaling of citreoviridin might be under regulation by the CK2 family and might affect MAPK or CDK cascades. 
Temporal Clustering and Mathematical Modeling Reveal a Response Network in Lung Cancer Cells With Citreoviridin
Treatment-To investigate the dynamics of phosphorylation responding to citreoviridin, phosphosites were classified based on their expression changes. In the global analyses, distinguished patterns of protein phosphorylation were observed between early (10 s-2 h)-and late-phase (12-24 h) responses (supplemental Fig. S4 ). To survey the molecules immediately responding to citreoviridin, we next classified the temporal patterns of early-phase phosphorylation. By utilizing the unsupervised clustering (fuzzy c-means) technique, phosphorylation events were further categorized into six different patterns (Fig. 4A and supplemental Table S9 ). Upon the stimulation with citreoviridin, ϳ49.6% of phosphorylation events (clusters 1, 2, and 3) displayed rapid and sustained downregulation within 10 min. Most proteins involved in these groups are related to protein folding or belonged to cytoskeleton ( Fig. 4A and supplemental Table S9 ). For example, heat shock protein 90 ␤ (HSP90AB1; clusters 1 and 3), heat shock protein 105 kDa (HSPH1; cluster 1), and histone acetyltransferase p300 (EP300; cluster 3) are required for the chaperon complex function (52) (53) (54) . On the other hand, lamin-B1 (LMNB1; cluster 1 and 2), inner nuclear membrane protein Man1 (LEMD3; cluster 1 and 3), and lamina-associated polypeptide 2 (TMPO; cluster 1 and 3) are important regulators during the development of intermediate filaments (55) (56) (57) . These findings are consistent with our results of functional processes (supplemental Fig. S3B ). In contrast, most phosphoproteins of clusters 4, 5, and 6 were transiently regulated. Numerous phosphosites categorized in these groups are associated with mRNA processing and translation initiation, implying a regulatory effect on gene transcription and translation in citreoviridin-treated lung cancer cells (Fig. 4A and supplemental Table S9 ).
Given that physiological changes upon stimulation depend on interrelated processes of molecular signaling, we performed mathematical modeling to construct the response network with citreoviridin treatment (Fig. 4B , supplemental Table S10 and Table S11 ). The phosphorylation levels of some of these proteins were validated by Western blotting (Fig. 5C and supplemental Fig. S5 ). From our inferred response network, 15 proteins of interest for signaling connectivity were examined. Among them, phosphorylation of the tumor suppressor nucleoplasmin (NPM1) was found to either stimulate or inhibit phosphorylation of other proteins responsible for unfolded protein responses and protein stability, such as histone deacetylase 1 (HDAC1), EP300, and ubiquitin carboxyl-terminal hydrolase 2 (USP2) (58 -60) . Furthermore, the phosphorylation of transcriptional mediators including RNA polymerase-associated protein (LEO1) and EP300, might transcriptionally regulate kinases CDK2 and MAPK1. We also noticed that one adhesion molecule expressed on the cell surface, Down syndrome cell adhesion molecule (DSCAM), behaved as an upstream regulator for other molecules associated with protein folding, including hsc70-interacting protein (ST13), EP300, and HSP90AB1. Moreover, the phosphorylation of HSP90AB1, a controller for chaperone complexes and cell signaling (52, 61) , could activate a downstream component of the MAPK/extracellular signal-regulated kinase (ERK) pathway, MAPK1 (62) . MAPK/ERK signaling is known for its role in cell growth by regulating cell cycle, cell death and protein folding responses (62) . Therefore, MAPK/ERK might participate in the response to citreoviridin to suppress tumor growth through the upstream phosphorylation regulation of other proteins, such as HSP90AB1 and ST13.
Citreoviridin Suppresses HSP90 Phosphorylation and MAPK/ERK Signaling-Our results from clustering and constructed response network displayed the temporal relation of phosphorylated HSP90 and MAPK1 in citreoviridin treatment. The time-dependent profiling data showed that Ser 255 of HSP90AB1 had decreasing levels of phosphorylation under a short response time (Fig. 5A, 5C and supplemental Table S6 ). This site and its surrounding residues were also predicted to be a substrate for the CK2 family, which was overrepresented at 10 s in the motif-kinase analysis ( Fig. 3C and supplemental Table S8 ). Interestingly, data on not only cultured cells, but also on xenografts show markedly decreased levels of phosphorylated Ser 255 (supplemental Table S7 ), all suggesting the importance of site-specific regulation in HSP90 upon citreoviridin stimulation.
As previously reported, inhibition of HSP90 expression can lead to depression of some signaling pathways involved in cancer progression and cell growth, including the MAPK/ERK cascade (61, 63, 64) . Notably, our temporal profile of phosphorylation revealed that phosphorylated MAPK1 Thr 185 / Tyr 187 , a conserved TEY activation motif (62), was downregulated under slower response times (Fig. 5A, 5C and supplemental Table S6 ). To confirm the effect of citreoviridin on phosphorylated HSP90AB1 and MAPK/ERK signaling, changes in protein phosphorylation were validated. We showed that quantitation of both HSP90AB1 Ser 255 and MAPK1 Thr 185 /Tyr 187 by Western blotting produced results similar to those obtained by MS-based phosphoproteomic approaches (Fig. 5B-5D ). Moreover, upstream kinases of MAPK/ERK signaling such as RAF proto-oncogene serine/ threonine-protein kinase (Raf-1) and dual specificity mitogenactivated protein kinase (MEK1/2) were all under decreased phosphorylation levels ( Fig. 5E and 5F ). To examine whether the observed phosphorylation regulation came from the changes of protein translation, we also measured and quantified the protein abundance by Western blotting. As shown in Fig. 5 , the decrease of protein expression was found in MAPK1, Raf1, and MEK1/2 during the late responses (12-48 h) of citreoviridin treatment, though the changes in protein abundance was not as significant as in protein phosphorylation. The results indicate that the regulated MAPKs phosphorylation in the late response time might be partially affected by the changes of protein translation. We further detected the expression of HSP90AB1 Ser 255 and MAPK in xenograft tissues and in another lung cancer cell line (A549) (Fig. 6) . Unsurprisingly, phosphorylation of both HSP90AB1 Ser 255 and MAPK1 Thr 185 /Tyr 187 were evidently suppressed in xenograft tissues (Fig. 6A and 6C ). Similar to the results for the temporal phosphoproteome of CL1-0 cells (Fig. 5B and 5C ), Temporal data spanning six early time points from 10 s to 2 h were normalized (mean ϭ 0, standard deviation ϭ 1) and assigned to six clusters through fuzzy c-means clustering. Number of phosphosites in each cluster is indicated below each cluster letter. Temporal profiles were differentiated by colors corresponding to membership score in the cluster. Large membership values imply that the genes were strongly associated with the cluster; low membership values imply that the genes were poorly represented by the cluster. B, A network of protein-folding and immediate-responding phosphoproteins constructed by using a mathematical model. Phosphosites of folded proteins selected from fuzzy c-means clustering and phosphosites immediately regulated at 10 s were used for analysis. Phosphoproteins quantified with multiply-phosphopeptides were listed in supplemental Table S12 . Green lines indicate an inhibitory effect, and red arrows indicate an activation effect.
signaling under citreoviridin treatment in both lung cancer cells and xenograft model.
The Phosphosite Ser 255 of HSP90AB1 is Crucial for MAPK/ ERK1 Signaling-In this study, we found that citreoviridin treatment affected phosphorylation instead of protein levels in HSP90AB1 ( Fig. 5B and 5C ), implying the regulatory importance of site-specific phosphorylation of HSP90AB1. Although phosphosite Ser 255 has been identified in a previous study (36) , the influence of HSP90 on signal transductions was only investigated at the total protein level (61, 63) . No evidence regarding the effects of HSP90 phosphorylation on MAPK activation has been reported (65) . To elucidate the relationship between HSP90 phosphorylation and MAPK/ERK signaling, wild-type HSP90AB1 and mutant HSP90AB1 with an alanine substitution of residue Ser255 were independently transfected into the lung cancer cell line CL1-0. Dephosphorylation of the S255A (serine changed to alanine) mutant and the expression level of the wild-type and control S255E (serine changed to glutamate) were confirmed by Western blotting ( Fig. 7A and 7B ). We found that overexpression of wildtype HSP90 enhanced phosphorylation levels of Ser255 and up-regulated MAPK/ERK cascade in comparison with levels in vector-only cells. In contrast, the S255A mutant of HSP90 produced much less effect on MAPK/ERK signaling proteins, highlighting the necessity of HSP90 Ser 255 phosphorylation in regulating MAPK/ERK signaling. Because the important role of MAPK/ERK signaling cascade in cell growth, we further examined the impact of S255A mutant of HSP90AB1 on cell viability. As expected, cancer cells carrying the S255A mutant displayed lower viability compared with wild-type and S255E control CL1-0 and A549 cells (Fig. 7C) . Together, our results suggest that phosphorylation of HSP90AB1 Ser 255 might affect cancer cell growth through its modulation of MAPK/ERK signaling. 
DISCUSSION
The influence of citreoviridin on cancer cell physiology has been increasingly examined. Here, we applied a temporal phosphoproteomic approach to profile the global changes of protein phosphorylation in cultured cells and xenograft tumor tissues for a comprehensive understanding of the influence of citreoviridin on molecular responses. Our study revealed that citreoviridin treatment resulted in significant changes of phosphorylation levels in numerous proteins. Furthermore, we observed that the cell cycle, protein folding, and mRNA processing might be regulated by citreoviridin-stimulated responses, consistent with previous reports (10, 18, 66) . We also identified other processes that have not been reported to be related to citreoviridin treatment, such as cytoskeletonassociated function, development regulation, and ubiquitinproteasomal proteolysis. These findings might expand our knowledge of biological processes in response to citreoviridin, but they require further validation.
In this study, we identified groups of molecules with similar temporal responses in citreoviridin treatment by analyzing the time-dependent phosphoproteome of cells. Motif analyses of the temporal profile further revealed that various kinase families such as CK2 and MAPK were individually over-represented at different time points. This study uncovered the differential regulation of kinases from early to late responses during citreoviridin treatment. The results were consistent with our network and functional analyses showing that MAPK1 was involved in citreoviridin treatment. The strategy using clustering of predicted motifs and enrichment analysis allowed us to clearly observe the changes in important kinase-substrate relationships on a temporal scale.
In our time-course data, the number of regulated phosphosites displaying decreasing phosphorylation levels was much higher than the number of elevated phosphorylated sites (supplemental Table S6 ). This implies that citreoviridin treatment might globally suppress phosphorylation, eventually leading to changes in protein activities. Our analysis showed that protein folding might play an important role in the earlyresponse stage of citreoviridin-treated cells. Moreover, a significant decrease in HSP90AB1 phosphorylation was found not only in cultured cells but also in the xenograft phosphoproteome, indicating its crucial role in citreoviridin treatment. It has been reported that cells treated with HSP90 inhibitor showed reduced activity in signaling pathways, including Akt and MAPK/ERK cascades (63, 64, 67) . Our study showed that the phosphorylation level of one key component involved in MAPK/ERK signaling, MAPK1, was markedly diminished at late stages in citreoviridin-stimulated responses. However, other upstream kinases in the MAPK/ERK cascade were not identified in our phosphoproteome data. This difficulty was probably because of the much lower abundance of kinases compared with that of their substrates (68) . We used Western blotting to overcome this problem and successfully detected down-regulation of other kinases involved in MAPK/ERK signaling. Furthermore, many biological processes enriched in both cell and xenograft phosphoproteomes (supplemental Fig. S3B ), including protein folding and the cell cycle, are known to be regulated by MAPK/ERK signaling (62, 69, 70) , highlighting the connection between citreoviridin treatment and MAPK/ERK cascade in cancer cells.
To understand whether the regulatory effects of HSP90AB1-Ser 255 dephosphorylation and MAPK signaling inactivation were specific to citreoviridin, we also examined the HSP90AB1 and MAPK1 phosphorylation in lung cancer cells with two independent treatments. One was the chemotherapeutic agent sorafenib, a multiple kinase inhibitor (71) . The other one was Tanshinone IIA, an anti-tumor agent that can induce reactive oxygen species (ROS) accumulation in lung cancer cells (72, 73) . Both reagents could induce the inactivation of MAPKs/ERKs at early or late time points (supplemental Fig. S6 ). On the other side, the dephosphorylation of HSP90AB1 was only observed at the early time-points in sorafenib treatment, but not in Tanshinone IIA-treated cells. In consistence with our observation of citreoviridin phosphoproteome, the regulation of MAPK phosphorylation under both conditions was accompanied by the changes in protein abundance during late-response time, indicating the involvement of translational regulation. All these results suggest that the regulation of HSP90AB1-Ser 255 and MAPK phosphorylation could be induced by other stresses and stimuli as well.
Although the effects of HSP90 on cell signaling and cellular functions such as cell proliferation and apoptosis have been revealed by many studies (63) (64) (65) 74) , much less is known about the influence of site-specific phosphorylation of HSP90. We previously found that citreoviridin could prohibit cell proliferation in both cancer cell (10) and xenograft tissues (20) . However, the lower level of phosphorylated HSP90 Ser 255 and MAPK/ERK cascade attributable to citreoviridin had no significant effect on apoptosis in xenograft model (supplemental Fig. S7 ) and lung cancer cells (10) . In this study, we uncovered the regulatory effects of the identified phosphosite Ser 255 on cell signaling. Our results revealed that alanine substitution of Ser 255 had less effect on MAPK/ERK signaling compared with wild-type HSP90AB1 (Fig. 7A and 7B) . Moreover, cells overexpressing mutant HSP90AB1 S255A also displayed lower viability than that of wild-type HSP90AB1 (Fig. 7C) . All of these results indicate a crucial role for HSP90AB1 Ser 255 phosphorylation in the regulation of MAPK/ERK signaling.
There is increasing interest in the capability of HSP90 as therapeutic target because of its housekeeping function, and HSP90 inhibitors have been regarded as potential drug candidates in cancer therapy (65) . Here, we found that the citreoviridin treatment could suppress cell growth and MAPK/ERK signaling by HSP90AB1 regulation at the phosphorylation level. This result implies that ATP synthase inhibitors might warrant further investigation with their major role in targeting therapy in comparison with HSP90 inhibitors. However, to compressively understand the role of site-specific phosphorylation to the housekeeping functions and other signaling transductions of HSP90 in cells, additional analyses such as protein activity are required to define the impact of Ser 255 phosphorylation on HSP90.
Although citreoviridin can inhibit the activity of various molecules, according to our previous work, it might suppress the cancer growth by mainly interacting with ecto-ATP synthase of cancer cells (10) . Because of the enzyme's F 1 catalytic domain facing the extracellular space, ecto-ATP synthase affects ATP levels outside the cell (75) . Furthermore, localization on the cell surface enables ecto-ATP synthase to function as a receptor for cell signaling; thus, the enzyme has widespread effects on cellular processes, including cell proliferation, cholesterol metabolism, and tumor progression (12, 76 -78) . Therefore, understanding the molecular mechanisms underlying the physiological effects of ecto-ATP synthase is important in cancer research, and we speculated that MAPK/ ERK signaling by HSP90AB1 regulation might be one of the downstream of ecto-ATP synthase induced pathway.
Together, our data provide a global profile of protein phosphorylation changes stimulated by citreoviridin in both cancer cells and xenograft systems. We found that phosphorylation of Ser 255 in HSP90AB1 might be an important regulatory factor in response to citreoviridin treatment. Site-specific phosphorylation of HSP90AB1 might affect cell viability through regulation of MAPK/ERK signaling. This investigation not only expands our understanding of the influence of citreoviridin on cancer cell growth at the post-translational level, but also provides new information for the development of targeting therapy for cancer. □ S This article contains supplemental Figs. S1 to S7, Tables S1to S12, and Methods.
